Cordyceps (Chinese name ), mainly distributed in Qinghai, Xizang, and Sichuan provinces of China, has been used as a popular and effective antiaging and tonic folk medicine and to treat various human diseases such as hepatitis, cancer, etc. Various biological activities of Cordyceps including antitumor effects were reported. [1] [2] [3] Recently, Cordyceps sinensis has been cultured to fulfill medicinal needs, since Cordyceps is very limited in nature. 4, 5) Among the chemical constituents of cultured C. sinensis mycelium, cordycepin (6), dioxopiperazines, polysaccharides, and peptides were reported.
with 1-butanol (1-BuOH), and the EtOAc-(3.8%), 1-BuOH-(5.2%), and H 2 O-(9.9%) soluble fractions were obtained. The EtOAc-and 1-BuOH-soluble fractions showed cytotoxic effects (IC 50 values of 120 and 199 mg/ml, respectively), and the H 2 O-soluble fraction showed less potent effects (IC 50 value Ͼ200 mg/ml).
Through bioassay-guided isolation, 11) sitosterol (1, 0.00025%), 5a,8a-epidioxy-22E-ergosta-6,22-dien-3b-ol (2, 0.0028%), 12) 5a,8a-epidioxy-22E-ergosta-6,9(11),22-trien3b-ol (3, 0.0045%), 12) 5a,6a-epoxy-5a-ergosta-7,22-dien3b-ol (4, 0.00012%), 9) and ergosterol (5, 0.00024%) were obtained from the EtOAc-soluble fraction by ordinary-and reversed-phase silica gel column chromatography, preparative TLC, and HPLC ( Fig. 1 ). To best of our knowledge, this is the first report of the isolation of sterol constituents (1) (2) (3) (4) (5) from cultured C. sinensis mycelium, not from the insect body.
Next, the cytotoxic effects of the isolated sterol constituents 1-5 on HL-60 cells were examined and compared with those of cordycepin (6) , which is a well-known antitumor constituent of Cordyceps. 13, 14) Consistent with previous reports, cordycepin (6) exhibited significant cytotoxic effects against HL-60 cells. Sterol constituents 2-4 also exhibited significant cytotoxic effects (IC 50 valuesϭ7.3-7.8 mg/ml), but sitosterol (1) and ergosterol (5) showed less potent effects than 2-4 ( Table 1) .
Apoptosis plays an important role in the maintenance of tissue homeostasis by the selective elimination of excess cells. On the other hand, the induction of apoptosis of carcinoma cells is also recognized to be useful in cancer treatment, since cytotoxic drugs (e.g., etoposide, cisplatin, and paclitaxel) used in chemotherapy for leukemia and solid tumors are known to cause apoptosis in target cells. [15] [16] [17] [18] Therefore, the apoptosis-inducing effects of the extract, fractions, and isolated constituents in HL-60 cells were examined using the Industries, Osaka, Japan). Previously, the cytotoxic effects of 2-4 against several tumor cell lines were also reported, 9, 12, [19] [20] [21] but their apoptosis-inducing activities have not been studied sufficiently. As shown in Fig. 2A , the absorbance at 492 nm was increased 24 h after coculture with 2-4 and cordycepin (6) , similar to that seen after coculture with actinomycin D, but sitosterol (1) and ergosterol (5) did not show such effects. Among the active sterols 2-4, 3 showed the most potent activity. These results indicate that DNA fragmentation, which is characteristic of apoptotic cells, occurred after coculture with 2-4 and 6.
Caspases play a central role in the apoptotic signaling pathway and contribute to the overall apoptotic morphology by cleavage of various cellular substances. Caspase-8 is the initial caspase activated in response to receptors with a death domain that interacts with the fas-associated death domain. The mitochondrial stress pathway begins with the release of cytochrome c from mitochondria, which then interacts with Apaf-1, causing self-cleavage and activation of caspase-9. The effector caspase-3 is downstream from the activator caspases and cleaves various cellular targets. 22, 23) On the other hand, a caspase-independent cell death program has been reported recently. 24) Therefore, to confirm that caspases are involved in the apoptosis-inducing activities of 2-4, we examined the enzyme activity of caspases-3/7 in HL-60 cells after coculture with 2-4 using a commercial kit (Caspase-Glo 3/7 Assay, Promega KK, Madison, U.S.A.). As shown in Fig.  2B , the intensity of luminescence was markedly increased after coculture with 3, and compounds 2 and 4 also showed greater activity than 6 at the concentration of 20 mg/ml. Compounds 1 and 5 showed less potent activity. Recently, the apoptosis-inducing effects of 1 through the activation of caspase-3 and alteration of the Bax/Bcl-2 ratio in leukemic U937 cells have been reported. 25) However, the apoptosis-inducing activity and increase in caspase-3/7 activity after coculture with 1 were very weak under our experimental conditions. These findings suggest that the apoptotic cell death of HL-60 cells induced by 2-4 is largely dependent on the activation of caspases-3/7, possibly caspase-3, although the effects of 1-6 on DNA fragmentation and caspase 3/7 activity do not completely accord with their cytotoxic effects. The mechanism of these active constituents should be studied further.
In conclusion, the methanolic extract and its EtOAc-soluble fraction from the dried powder of cultured C. sinensis mycelium showed cytotoxic effects on HL-60 cells. 5a,8a-Epidioxy-22E-ergosta-6,22-dien-3b-ol (2), 5a,8a-epidioxy-22E-ergosta-6,9(11),22-trien-3b-ol (3), and 5a,6a-epoxy5a-ergosta-7,22-dien-3b-ol (4) were isolated from the EtOAc-soluble fraction and they exhibited substantial cytotoxic and apoptosis-inducing activities. The apoptosis-inducing activities of 2-4 are suggested to be dependent on the activation of caspases-3/7.
Experimental
General Experimental Procedures The following instruments were used to obtain physical data: specific rotations, Horiba SEPA-300 digital polarimeter (lϭ5 cm); EI-MS, JEOL JMS-GCMATE mass spectrometer; 1 H-NMR spectra, JNM-LA500 (500 MHz) and JNM-ECA600 (600 MHz) spectrometers; 13 C-NMR spectra, JNM-LA500 (125 MHz) and JNM-ECL600 (150 MHz) spectrometers with tetramethylsilane as an internal standard; and HPLC detector, Shimadzu RID-6A refractive index detector. HPLC and YMC Pack ODS-A (250ϫ4.6 mm i.d. and 250ϫ20 mm i.d., respectively) columns were used for analytical and preparative purposes, respectively.
The following experimental conditions were used for chromatography: ordinary-phase silica gel column chromatography, Silica gel BW-200 (Fuji Silysia Chemical, Ltd., Aichi, Japan, 150-350 mesh); reversed-phase silica gel column chromatography, Chromatorex ODS DM1020T (Fuji Silysia Chemical, Ltd., 100-200 mesh); preparative TLC and TLC (ordinary phase), precoated TLC plates with Silica gel 60F 254 (Merck, 2.0 mm for preparative TLC, 0.25 mm for TLC); TLC (reversed phase), precoated TLC plates with Silica gel RP-18 F 254S (Merck, 0.25 mm); reversed-phase HPTLC, precoated TLC plates with Silica gel RP-18 WF 254S (Merck, 0.25 mm); and detection was achieved by spraying with 1% Ce(SO 4 ) 2 -10% aqueous H 2 SO 4 followed by heating.
Material The dried powder of cultured C. sinensis mycelium, which was powdered with a warm current of dry air after removal of the culture medium by centrifugal separation, was obtained from Shandong Handong Lukang Pharmaceutical Co., Ltd. (Shandong, China) (lot no. 0412012).
Extraction and Isolation The dried powder of cultured mycelium of C. sinensis (5.0 kg) was extracted three times with MeOH under reflux for 3 h. Evaporation of the solvent under reduced pressure gave the methanolic extract (944 g, 18.9%, antiproliferation against HL-60: IC 50 ϭ199 mg/ml). A portion (400 g) of the MeOH extract was partitioned into an EtOAc-H 2 O (1 : 1, v/v) mixture, and the aqueous layer was successively extracted with 1-BuOH. Removal of the solvents in vacuo yielded an EtOAc-soluble fraction (77.3 g, 3.8%, IC 50 ϭ120 mg/ml), 1-BuOH-slouble fraction (112.4 g, 5.2%, IC 50 ϭ169 mg/ml), and an aqueous phase (210.3 g, 9.9%, IC 50 Ͼ200 mg/ml). A portion (76.7 g) of the EtOAc-soluble fraction was subjected to ordinaryphase silica gel column chromatography [2.0 kg, n-hexane→n-hexaneEtOAc (20 : 1→10 : 1→5 : 1→1 : 1, v/v)→EtOAc→CHCl 3 -MeOH (20 : 1→ 10 : 1→5 : 1, v/v)→MeOH] to give 11 fractions [fr. 1 (1.0 g, IC 50 ϭ 150 mg/ml), fr. 2 (10.7 g, IC 50 Ͼ200 mg/ml), fr. 3 (2.1 g, IC 50 Ͼ200 mg/ml), fr. 4 (2.5 g, IC 50 ϭ122 mg/ml), fr. 5 (15.3 g, IC 50 ϭ10.7 mg/ml), fr. 6 (4.2 g, IC 50 ϭ42.5 mg/ml), fr. 7 (3.3 g, IC 50 ϭ23.3 mg/ml), fr. 8 (1.4 g, IC 50 ϭ 42.6 mg/ml), fr. 9 (1.3 g, IC 50 ϭ23.7 mg/ml), fr. 10 (13.5 g, IC 50 ϭ130 mg/ml), and fr. 11 (19.1 g, IC 50 Ͼ200 mg/ml)]. A portion (15.1 g) of fr. 5 was subjected to ordinary-phase silica gel column chromatography [450 g, nhexane→n-hexane-EtOAc (20 : 1→5 : 1→1 : 1→1 : 2→1 : 4, v/v)→EtOAc] to give eight fractions [fr. 5-1 (141 mg, IC 50 ϭ21.0 mg/ml), fr. 5-2 (1.2 g, IC 50 ϭ53.2 mg/ml), fr. 5-3 (5.4 g, IC 50 ϭ2.3 mg/ml), fr. 5-4 (4.5 g, IC 50 ϭ84.5 mg/ml), fr. 5-5 (983 mg, IC 50 ϭ15.4 mg/ml), fr. 5-6 (325 mg, IC 50 ϭ5.8 mg/ml), fr. 5-7 (253 mg, IC 50 ϭ3.3 mg/ml), and fr. 5-8 (232 mg, IC 50 ϭ49.6 mg/ml)]. A portion (5.2 g) of fr. 5-3 was purified by ordinary-and reversed-phase silica gel column chromatography, preparative TLC [nhexane-EtOAc (5 : 1, v/v)], and HPLC [MeOH-H 2 O (90 : 10, v/v)] to give sitosterol (1, 5.4 mg), 5a,8a-epidioxy-22E-ergosta-6,22-dien-3b-ol (2, 60.1 mg), 5a,8a-epidioxy-22E-ergosta-6,9(11),22-trien-3b-ol (3, 2.5 mg), and ergosterol (5, 4.0 mg). A portion (300 mg) of fr. 5-6 was purified by ordinary-and reversed-phase silica gel column chromatography to give 5a,8a-epidioxy-22E-ergosta-6,22-dien-3b-ol (2, 35.5 mg). A portion (230 mg) of fr. 5-7 was purified by ordinary-and reversed-phase silica gel column chromatography and HPLC [MeOH-H 2 O (90 : 10, v/v)] to give 5a,6a-epoxy-5a-ergosta-7,22-dien-3b-ol (4, 2.7 mg).
The compounds obtained were identified by comparison of their physical data ([a] D , 1 H-NMR, 13 C-NMR, MS) with reported values 9, 12) or with those of authentic samples (1, 5) .
Bioassay. Reagents for Bioassay RPMI-1640 medium was purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.); fetal bovine serum (FBS) was from Biowest (Nuaille, France); the Cell Counting Kit-8 was from Dojindo Laboratories (Kumamoto, Japan); and cordycepin (6) and other reagents were from Wako Pure Chemical Industries, Ltd. Ninety-six-well microplates were purchased from Asahi Glass Co., Ltd. Science Products (Tokyo, Japan), and 96-well white microplates were from Nalge Nunc International (Tokyo, Japan).
Cell Culture The human promyelocytic leukemia HL-60 cells (cell No. RCB0041) were provided by the Riken Cell Bank (Tsukuba, Japan). The cells were maintained in RPMI-1640 medium supplemented with 10% FBS, penicillin 100 units/ml, and streptomycin 100 mg/ml.
Cytotoxicity against HL-60 Cells The proliferation of HL-60 cells was determined in the WST-8 colorimetric assay using a Cell Counting Kit-8 (Dojindo Laboratories). Briefly, after the incubation of HL-60 cells (1ϫ10 4 cells/100 ml/well) with test compounds in RPMI-1640 medium supplemented with 10% FBS in 96-well microplates for 48 h, 10 ml of WST-8 solution (Cell Counting Kit-8) was added to each well. After a further 1 h of culture, the optical density of the water-soluble formazan produced by the cells was measured with a microplate reader (Multi Functional Microplate Reader GENios Plus, Tecan group Ltd., Männedort, Switzerland) at 450 nm. The test sample was dissolved in DMSO and diluted with the medium (final DMSO concentration less than 1%). Cell viability (percentage) was calculated using the following formula, and IC 50 values were determined graphically. apoptosis-inducing effects of the test sample were examined using the TUNEL assay (Apoptosis Screening Kit Wako, Wako Pure Chemical Industries) according to the manufacturer's instructions. Values of absorbance with each test sample represent the difference from the mean of the vehicletreated (control) group. Actinomycin D was used as a reference compound. The test compound dissolved in DMSO was diluted with the medium (final DMSO concentration less than 1%).
Activity of Caspases 3/7 HL-60 cells (2ϫ10 4 cells/50 ml/well) were seeded into 96-well white microplates, and then 50 ml of test sample solution in the medium (20, 40 mg/ml) was added to the well. After a further 24 h of culture, the activity of caspases-3/7 was examined using a commercial kit (Caspase-Glo 3/7 Assay, Promega) according to the manufacturer's instructions. Briefly, Caspase-Glo reagent was added to the wells, and the plate was gently mixed for 30 s. After incubation at room temperature for 1 h, luminescence was measured using a microplate reader (Multi Functional Microplate Reader GENios Plus, Tecan). Actinomycin D was used as a reference compound. The test compound dissolved in DMSO was diluted with the medium (final DMSO concentration less than 1%).
Statistical Analysis For statistical analysis, one-way analysis of variance followed by Dunnett's test was performed. A probability (p) value of less than 0.05 was considered to represent a statistically significant difference.
